Introduction
Lumbar discectomy is a highly effective procedure to address back and leg pain associated with intervertebral disc herniation and is one of the most common spinal procedures globally. In the USA alone, the procedure is performed on nearly 500,000 patients per year. 1 Retrospective studies have reported lumbar discectomy 350 reoperation rates of 3%-21% to treat reherniation of the disc, loss of disc height, and/or accelerated degeneration. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] There are multiple patient factors that pose significant risk for reoperation, such as annular defect size, age, smoking status, as well as surgical technique. 2, 5, [16] [17] [18] [19] To this end, a large annular defect has been reported as a significant risk factor for reherniation and revision surgery. 2, 5, 20, 21 Recurrent herniation has been reported to range from 1% to 7% in patients with small annular defects (<6 mm) and 15%-27% in patients with large annular defects (≥6 mm). 2, 5, 20, 21 In one study, reoperation was required in only 1% of patients with small annular defects (<6 mm) vs 21% of patients with large annular defects (≥6 mm). 5 Discectomy is generally a successful and cost-effective means of treatment for patients with herniated nucleus pulposus who do not respond well to conservative therapy. [22] [23] [24] [25] [26] [27] However, there is some controversy as to whether the clinical outcomes of reoperated patients reach the same level of success as patients who do not require revision surgery. 11, 16, [28] [29] [30] [31] [32] [33] [34] Additionally, the costs associated with revision surgeries, associated therapies, and missed work pose a substantial socioeconomic burden. [35] [36] [37] Therefore, annular closure devices (ACDs) have been developed to help avoid reherniation and reoperation, particularly in high-risk patients with large annular defects. Yet, further research is required to understand the extent of additional patient morbidity and costs for reoperated patients as well as the potential for an ACD to minimize the risk of reoperation. The aim of this study was to examine the patient-reported outcomes (PROs) and socioeconomic costs among reoperated patients following primary discectomy surgery as well as the utility of ACD for reducing the rates and associated burden of reoperation.
Methods
A prospective, multicenter, randomized controlled trial (RCT) (Clinicaltrials.gov ID: NCT01283438) was designed to examine the safety and efficacy of a novel ACD (Barricaid ® ; Intrinsic Therapeutics, Inc., Woburn, MA, USA) following standard limited discectomy vs limited discectomy alone for the treatment of high-risk patients with large annular defects (4-6 mm tall and 6-10 mm wide).
Patient sample
Patients who met the inclusion and exclusion criteria were randomly assigned intraoperatively 1:1 to limited discectomy (control) or limited discectomy followed by placement of the ACD (investigational group). The study was approved by the local ethics committee at each of the study sites and all patients provided written informed consent. Study enrollment took place across 21 international sites between December 2010 and October 2014. Please refer to Clinicaltrials.gov ID: NCT01283438 for a list of the study sites. Patients were stratified on an as-treated basis for the current analyses. Further details regarding this study rationale, design, and methods have been previously described. 38 
annular closure device
The Barricaid ® ACD (Intrinsic Therapeutics, Inc.) is intended to serve as an adjunct to lumbar discectomy by occluding the annular defect and retaining the nucleus pulposus within the normal anatomic disc space. The device consists of a rigid titanium anchor to ensure proper fixation into the selected adjacent vertebral body and a flexible polymer occlusion component that inserts into the annular defect and prevents subsequent migration of the nuclear material ( Figure 1) . A radiopaque platinum-iridium marker is embedded in the 
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occlusion component and is visible on radiographs, allowing for visualization and proper placement during implantation.
inclusion/exclusion criteria and interventions
All subjects received a standard limited discectomy for the treatment of a single-level symptomatic posterior or posterolateral lumbar disc herniation after failing at least 6 weeks of conservative treatment. Neural compression was confirmed via standard lumbar spine magnetic resonance imaging (MRI). Inclusion criteria included a posterior disc height of at least 5 mm, no prior surgery at the index level, and a large annular defect measuring 6-10 mm wide and 4-6 mm high that was assessed during the index surgery. Electronic randomization (1:1) was performed intraoperatively following completion of the discectomy and measurement of the annular defect such that the control group was completed via standard incision closure and the ACD group received the device under fluoroscopic guidance prior to incision closure.
Follow-up and outcome metrics
Patient follow-up visits were completed at 6 weeks and 3, 6, 12, and 24 months after surgery. Baseline demographic, clinical, and surgical characteristics, including excised nuclear volume, were recorded. Imaging included MRI, low-dose CT, and plain radiographs, which were assessed and measured by independent board-certified radiologists. The primary PRO measures were Oswestry Disability Index (ODI) and visual analog scale (VAS; 100 point scale) for back and leg pain. 40 Data on the physiotherapy time and hours of missed work were collected from a subset of the population following an addendum to the study protocol, which proceeded from the study group's interest in the topic. This subset included 51/272 (19%) ACDtreated patients and 65/278 (23%) control patients.
Data analysis
Patients were divided into four groups for analysis based on the intervention they received and whether reoperation was required within 24 months: 1) Control-Not Reoperated, 2) Control-Reoperated, 3) ACD-Not Reoperated, and 4) ACDReoperated. These groups were used to analyze the effects of reoperation regardless of treatment assignment, while also seeking to understand whether the ACD had an effect on the reoperation rate. Reoperations were defined to include any revision surgery of the index level, regardless of indication. Patient data were only included in the reoperation group at time points following the first reoperation (Post Reop) in order to accurately assess the post-reoperation outcomes against the index operation outcomes of non-reoperated patients. Mean values and differences from baseline for each metric were calculated at each follow-up time point through 2 years following the primary discectomy. Additionally, minimum clinically important difference (MCID) thresholds were set based on a previous study of lumbar discectomy: ODI=13, VAS leg=15, and VAS back=15. 41 A raw score threshold of 25, 45, and 55 was used for ODI, VAS leg, and VAS back, respectively, to define failure to improve. 41 Patients were deemed to have clinically significant improvement if both of the following criteria were met: 1) ODI/VAS score was below the raw score threshold and 2) the change in score from baseline exceeded the MCID threshold.
Considering that the RCT was conducted across multiple international sites, the equivalent U.S. Medicare expenditures on reoperations were estimated by applying cost multipliers derived from the commercially available PearlDiver database (PearlDiver Technologies, West Conshohocken, PA, USA: 2017). Diagnosis Related Group (DRG) and Current Procedural Terminology (CPT) codes with paid 2014 Medicare claim amounts for inpatient fusion reoperations and outpatient repeat discectomy reoperations were queried in the database. Reoperations that were unrelated to the success of the primary discectomy (eg, infection management) were not included in this cost analysis. CPT and DRG codes for complications leading up to and through inpatient fusion included those for physical therapy (CPT 97110, 97112, 97116, 97140, 97530, 97535), MRI and CT imaging (CPT 72148, 72132), therapeutic steroid injection (CPT 62311), clinic visits (CPT 99215), and surgeon/facility (DRG 459, 460). CPT and DRG codes for complications leading up to and through outpatient repeat discectomy included all of these same codes, except for surgeon and facility costs, which were each assigned CPT 63042.
statistical analysis PRO scores were compared amongst the patient cohorts using two-way ANOVA with Sidak's test for post hoc comparisons when the interaction term was significant. Differences in
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proportions were compared through Fisher's exact test, and the 95% CI of binomial proportions was calculated using Wilson's score method. Relative risk was calculated using the Koopman asymptotic score. Differences were considered statistically significant for p-values <0.05 and relative risk ratio 95% CIs excluding 1.0. Statistical analyses were conducted in Prism v7 (GraphPad Software Inc.; La Jolla, CA, USA).
Results
Baseline comparisons and incidence of reoperation
A total of 272 patients were treated with ACD in addition to limited discectomy and 278 patients were treated with limited discectomy alone (control). Follow-up compliance through 2 years was 93% in the ACD group and 91% in the control group. The reoperated (n=69) and non-reoperated (n=481) groups had statistically significant baseline differences for sex (42% male vs 62% male; p=0.02) and active smokers (61% vs 42%; p=0.004). ODI and MCS baseline scores (prior to index surgery) were not significantly different between reoperated and non-reoperated patients; however, baseline VAS leg, VAS back, and PCS scores were significantly worse in the reoperated group (p<0.05; Table 1 ).
There were 24/272 (9%; 95% CI: 6%-13%) unique ACD patients and 45/278 (16%; 95% CI: 12%-21%) unique control patients who underwent at least one reoperation within 2 years of follow-up (p=0.01; Figure 2 ). The relative risk of reoperation in the control group over the ACD group was 1.84 (95% CI: 1.16-2.92). Of those reoperated patients, Table 2 ). Symptomatic reherniation was treated with either re-discectomy or fusion, as summarized in Table 2 .
Failure of the ACD occurred in 4/272 (1.5%) patients, which led to removal of the device and was classified as an outpatient re-discectomy for the cost analysis. For infection or wound healing disorders, there were zero reoperations in the ACD group and 3/278 (1.1%; 95% CI: 0.4%-3%) patients were reoperated in the control group. Some patients underwent multiple reoperations of various types (eg, re-discectomy followed later by fusion). The mean time to first reoperation was 7.8±6.7 months after primary discectomy.
Patient-reported outcomes for disability, pain, and quality of life At 12 and 24 months following primary discectomy, patients who had undergone a reoperation had significantly worse ODI, VAS pain, MCS, and PCS scores compared to their non-reoperated counterparts (p<0.0001 for each metric; Figure 3 ). The mean changes in ODI, VAS leg, and PCS scores from baseline (pre-index surgery) to 24 months were also significantly worse for reoperated compared to non-reoperated patients (p<0.001). The treatment (ACD vs control) did not significantly affect any of these postoperative PRO scores when stratified within the reoperated and non-reoperated groups (Figure 3) . The proportion of patients with clinically significant improvements, based on the composite MCID and score threshold, was significantly greater in the non-reoperated compared to the reoperated group by 24 months for ODI (84% vs 54%; p<0.0001), VAS leg (93% vs 75%; p<0.0001), and VAS back scores (65% vs 51%; p=0.03; Figure 4 ).
Post-operative socioeconomic burden
By 24 months, the reoperated patients had accumulated significantly more inpatient days due to an SAE (11.2±2.3 days vs 0.3±0.02 days; p<0.0001; Figure 5A ) and significantly more hours of missed work (715±599 hrs vs 285±29 hrs; p=0.01). The proportion of patients that were working at 24-month follow-up was significantly greater among nonreoperated patients (85%; 95% CI: 81%-88%) compared to their reoperated counterparts (58%; 95% CI: 46%-69%; p<0.0001; Figure 5B ). The mean physiotherapy time was not significantly different between reoperated (25±17 weeks) and non-reoperated (18±2 weeks) patients (p=0.24). Within the # note that subject reoperation totals differ from the total number of unique patients who underwent reoperation because some patients underwent more than one type of reoperation. Abbreviations: aCD, annular closure device; n/a, not applicable. 
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Post-lumbar discectomy reoperations 355 reoperated population, the control patients accounted for significantly more of the missed work time (1138±1888 hrs vs 290±218 hrs; p=0.01) and required more physiotherapy time (37±28 weeks vs 14±10 weeks; p=0.09) compared to the ACD-treated patients.
There were a total of 22 inpatient fusion reoperations and 51 categorized as outpatient repeat discectomies (due to reherniation and/or device failure; Table 2 ). The per-patient costs for inpatient fusion and outpatient repeat discectomy based on the PearlDiver database were $31,744 and $4,980, respectively, which led to estimated total reoperation costs of $698,368 for inpatient fusions and $252,980 for outpatient repeat discectomy or device removal. Control patients accounted for the majority of this estimated cost burden ($565,188; 59%) within the reoperated group and had greater per-patient costs for re-discectomy (Table 3) .
Discussion
The evidence from this study demonstrates that high-risk patients who required reoperation following limited discectomy, with or without an ACD, fared worse than patients who did not require a reoperation through 2 years of follow-up. This was demonstrated through significantly worse disability, pain, and quality of life scores ( Figure 3 ) and fewer patients achieving clinically significant improvement (Figure 4 ) within the reoperated group, which is consistent with findings from other studies. 11, 16, [28] [29] [30] Leven et al and Abdu et al utilized intervertebral disc herniation data from the Spine Patient Outcomes Research Trial with 810 patients and observed significantly worse score improvements in revision patients for ODI, MCS, sciatica bothersomeness, physical function, and bodily pain compared to non-reoperated patients through 4 and 8 years of followup. 11, 16 Further, significantly fewer patients were somewhat or very satisfied with their symptom improvement in the reoperated group compared to the non-reoperated group after 4 (59% vs 69%; p<0.01) and 8 years of surgery (56% vs 74%; p<0.001). Similarly, using data from 8,497 patients in the Swedish National Spine Registry (Swespine), Fritzell et al observed significantly worse outcomes in ODI, VAS back and leg pain, and EQ-5D scores in reoperated patients through 2 years of follow-up. Only 58% of the reoperated patients compared with 79% of non-reoperated patients were satisfied with their surgery (p<0.001), while 65% and 74% were pain free or feeling much better in the reoperated and non-reoperated groups, respectively (p<0.01). 28 Based on these findings and those of the current study, it may be important to implement conservative care for recurrent herniation prior to considering reoperation.
While other studies have suggested that revision outcomes are equivalent to primary discectomy, [31] [32] [33] [34] the underlying reasons for these disparate findings remain unclear. Differences in sample size, surgical, and/or patient factors between the studies may play a role in differentiating the patient outcomes. For example, McGirt et al observed that the incidence of reherniation after limited discectomy was greater than that for aggressive discectomy; however, aggressive discectomy was associated with a 2.5-fold increase in persistent leg and back pain beyond 2 years of follow-up. 3 The patients included in this study were at a higher risk for reherniation due to the presence of a large annular defect. Consequently, higher rates of symptomatic reherniation (25%) and reoperation (16%) were observed in the control group compared to historical statistics; however, significantly fewer symptomatic reherniations (12%) and reoperations (9%) were observed in the ACD-treated patients compared to the controls. This significant reduction translated to a lower socioeconomic burden among the ACD-treated group compared to the control group.
Although this study is limited to 2 years of follow-up after primary discectomy, other studies observed that poor outcomes for reoperated patients persisted through at least 8 years of follow-up. 11, 30 These data suggest that reoperated patients are subject to more chronic pain and disability along with a lower quality of life and increased socioeconomic costs. In the present study, the total direct cost burden associated with re-discectomy and fusion reoperations was estimated to be $952,348 ($13,802 per reoperated patient), with control patients accumulating the majority of those costs (59%). Reducing the incidence of reoperation through preventive measures, such as an ACD, can minimize the patient morbidity and costs associated with post-discectomy reoperations.
Since the findings of this study are limited to high-risk patients with large annular defects undergoing limited Table 3 Overall per-patient reoperation costs based on the type of reoperation procedure 356 discectomy, they may not translate to patients beyond these specific criteria. Another possible limitation of this study is that the reoperated patient cohort had significantly worse VAS back and leg pain scores as well as PCS scores at baseline compared to non-reoperated patients. Although statistically significant, these baseline differences in mean VAS leg pain (difference=4.3), VAS back pain (difference=12.8), and PCS score (difference=1.8) are unlikely to be clinically meaningful considering that they were less than the MCID values of 15 for VAS pain scores 41 and 4.9 for PCS scores. 42 Additionally, the missed work and physiotherapy time were only measured for a subset of the patient population (~20%) and the direct cost data were estimated per U.S. Medicare expenditures rather than collected directly from the international study sites.
Conclusion
At 2 years of follow-up, the rate of reoperated vs nonreoperated patients who did not achieve clinically significant improvement was 2.9 times higher based on ODI (46% vs 16%), 3.6 times higher based on VAS leg (25% vs 7%), and 1.4 times higher based on VAS back scores (49% vs 35%). The greater morbidity among the reoperated patients implied greater indirect costs due to 2.5 times more missed work and 37 times more inpatient hospital days. Reducing the incidence of reoperation by nearly 50% through annular closure reduced the number of patients subject to persistent or recurring morbidity and reduced the overall costs associated with reoperation.
